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Embryo-fetal exposure to maternal disorders during intrauterine life programs long-term
consequences for the health and illness of offspring. In this study, we evaluated
whether mild diabetic rats that were given high-fat/high-sugar (HF/HS) diet presented
maternal and fetal changes at term pregnancy. Female rats received citrate buffer
(non-diabetic-ND) or streptozotocin (diabetic-D) after birth. According to the oral
glucose tolerance test (OGTT), the experimental groups (1 = 11 animals/group) were
composed of non-diabetic and diabetic receiving standard diet (S) or HF/HS diet.
High-fat/high-sugar diet (30% kcal of lard) in chow and water containing 5% sucrose and
given 1 month before mating and during pregnancy. During and at the end of pregnancy,
obesity and diabetes features were determined. After laparotomy, blood samples,
periovarian fat, and uterine content were collected. The diabetic rats presented a higher
glycemia and percentage of embryonic losses when compared with the NDS group.
Rats DHF/HS presented increased obesogenic index, caloric intake, and periovarian fat
weight and reduced gravid uterus weight in relation to the other groups. Besides, this
association might lead to the inflammatory process, confirmed by leukocytosis. Obese
rats (NDHF/HS and DHF/HS) showed higher triglyceride levels and their offspring with
lower fetal weight and ossification sites, indicating intrauterine growth restriction. This
finding may contribute to vascular alterations related to long-term hypertensive disorders
in adult offspring. The fetuses from diabetic dams showed higher percentages of skeletal
abnormalities, and DHF/HS dams still had a higher rate of anomalous fetuses. Thus,
maternal diabetes and/or obesity induces maternal metabolic disorders that contribute
to affect fetal development and growth.

Keywords: hyperglycemia, obesity, pregnancy, biochemical, malformation, rat

INTRODUCTION

Diabetes mellitus (DM) is a syndrome that is a growing health problem, accounting for 10.4% of
global mortality. In 2015, hyperglycemia during pregnancy was observed in 16.2% of women (Cho
et al., 2018). In the first few weeks of pregnancy, maternal diabetes is intensely linked to higher
number of spontaneous abortions and major congenital malformations (Kitzmiller et al., 1996; Ray
et al., 2001).
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Fetal programming is a theory that suggests that the
environment around the developing fetus plays an important role
in determining the risk of disease in childhood and adulthood
(Entringer et al., 2012). In this sense, factors such as overweight,
obesity, and maternal diabetes during pregnancy are known
to be effective agents leading to chronic-disease development
in offspring (Yessoufou and Moutairou, 2011), showing the
relevance of intrauterine environment for health of descendants
in the future.

To reproduce maternal hyperglycemia found in Type 2 DM in
animal models, streptozotocin (STZ) induction can be performed
in the neonatal period of rats (Tsuji et al., 1988; Jawerbaum
and White, 2010; Santos et al., 2015; Bequer et al., 2018; Bueno
et al,, 2020). This type of experimental diabetes is termed as
“mild diabetes” (Hauschildt et al., 2018; Machado et al., 2020).
Besides diabetic status, a change in lifestyle, especially in dietary
patterns related with growing consumption of industrialized
foods (high in calories and fat), affects diabetic progress at
long term (Hu, 2011; Ley et al, 2014; Popkin, 2015; Krishan
et al., 2018). Animals that are fed high-fat (HF) and/or high-
sugar (HS) diets showed metabolic changes, such as increased
concentrations of glucose, triglycerides (TG), total cholesterol
(TC), and obesity (Matias et al., 2018; Zhao et al., 2019). The
offspring of mothers who consumed the HF/HS diet had greater
fat tissue, glycemia, TG, and TClevels (Martins Terra et al., 2020).
Despite the knowledge about the single effect of HF/HS diet and
diabetes on the metabolic response in animals, there are still few
studies exploring the association of these two variables during
pregnancy. Considering that pregnancy is a critical period, where
maternal conditions and habits can lead to persistent changes in
offspring (Fleming et al., 2015), it is important that the studies are
conducted in a manner where new care strategies can be taken.

Thus, the hypothesis of this study is that diabetic rats
submitted to the HF/HS diet before and during pregnancy will
present exacerbated damage on a biochemical profile, leading to
impaired maternal-fetal relationship. Therefore, the aim of this
study was to evaluate maternal and fetal repercussions of the
diabetes associated with an HF/HS diet offered before and during
pregnancy of rats.

MATERIALS AND METHODS

Animals

Female Wistar rats (230 4 250 g) were obtained from the Center
for Maintenance of Experimental Animals of our Institution,
and were maintained under standard laboratory conditions (22
£ 3°C, 12-h light/dark cycle), with pelleted food (Purina rat
chow, Purina®, Sao Paulo State, Brazil) and tap water ad libitum.
The local Ethical Committee for Animal Research authorized
and approved all the procedures and animal handling (Protocol
No. 23108.022251/2019-61).

After 1 week of acclimatization, the females were mated with
the male rats with similar age (ratio 3:1) to obtain offspring
for induction of diabetes. The experimental sequence of the
experiment is summarized in Figure 1.

Induction and Confirmation of Diabetes

For diabetes (D) induction, half of each female litter was injected
with Streptozotocin (100 mg/kg, sc., Sigma-Aldrich, St. Louis,
MO, USA) diluted in citrate buffer (.1 mol/L, pH 4.5) on the first
day of life (24 h after delivery) (Soares et al., 2021) to induce beta
cell necrosis, reproducing glycemic levels similar to Type 2 DM.
Non-diabetic (ND) animals were injected with only citrate buffer
to simulate the conditions of the STZ-induced group. At day 90
of life, oral glucose tolerance test (OGTT) was performed for
inclusion or exclusion of rats to ND and D groups. This test is a
marker routinely used in the clinic for diagnosing diabetic status.
Then, the rats were fasted for 6 h; after which, a drop of blood was
collected from the tail of the rats to determine glycemia (time 0),
using a conventional glucometer. The rats were intragastrically
given glucose solution (.2 g/m) at a dose of 2-g/kg body weight
and after 30, 60, and 120 min later, the blood glucose levels were
determined (Neto et al., 2020).

In order to determine the inclusion and exclusion criteria,
the standards established by Gallego et al. (2018) were used,
and modified from diabetes classification parameters suggested
by the American Diabetes Association (2020). For the control
group, only the rats with glycemia < 140 mg/dL in different
time points during OGTT were included. For the diabetic group,
the rats presenting least one-time point with glycemia > 200
mg/dL after overload glucose during OGTT were included in the
group. The female animals that did not present OGTT with these
characteristics for inclusion in the control or diabetic group were
excluded and euthanized.

Experimental Groups

Considering the four experimental groups, and based on
previous experiments conducted in our laboratory in relation to
reproductive parameters, using 90% power and error type I of 5%,
the effect size was determined. Based on the effect size, the sample
size was 11 rats per group.

After inclusion and exclusion criteria, the rats (90 days of
life = adulthood) were randomized in the experimental groups:
non-diabetic rats that received standard diet (NDS); non-diabetic
rats receiving high-fat/high-sugar diet (NDHEF/HS); diabetic rats,
given standard diet (DS); and diabetic rats that received high-
fat/high-sugar (HF/HS) diet.

Standard or High-Fat/High-Sugar Diet
Females from non-diabetic and diabetic dams randomly received
standard diet (commercial food: 28.54% Kcal of protein, 62.65%
Kcal of carbohydrate, 8.7% Kcal of fat (Purina rat chow, Purina®,
Brazil) or high-fat diet (23.43% Kcal of protein, 46.63% Kcal of
carbohydrate, 30% Kcal of fat) according to the experimental
group (Table 1). The main source of fat consisted of lard. After
preparation, the feed was kept refrigerated until the time of
consumption by the animals. In addition, the rats given high-
fat diet groups also received water with 5% sucrose (high sugar)
during the same period from day 90 to 120 of life and during
pregnancy, which corresponds to reproductive age of adult rats.
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FIGURE 1 | Experimental design.
TABLE 1 | Nutritional values of diet offered to non-diabetic and diabetic rats.
Information Food (Kcal/g) Water (Kcal/mL)
Commercial High-fat Standard High-sugar
Gross energy 4.02 4.93 - 0.20
Mixture (%) 7.45 3.65 100 100
Dry matter (%) 92.55 96.35 - -
Mineral matter (%) 6.66 2.84 - -
Crude protein (%) 25.76 26.77 - -
Ether extract (%) 3.49 15.19 - -
Gross fiber (%) 43.63 45.42 - -
Carbohydrates (%) 13.01 6.13 - 5.00
Mating For this, three females were placed in the overnight period

At 120 days of life, the female rats were similarly mated
as their mothers. After 15 consecutive days, non-mated rats
were considered infertile and excluded from the experiment.

with normoglycemic males presenting similar age, which were
purchased for this purpose. The next morning (7-9 a.m.) the
male arts were removed and vaginal smears were performed in
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female rats. The presence of spermatozoa on the slides confirmed
the diagnosis of pregnancy, which was considered zero pregnancy
day (D0) (Damasceno et al., 2011).

Course of Pregnancy—Diabetes and

Obesity Features

Maternal body weight, food consumption, and water intake
were measured every 7 days up to the end of pregnancy, at
approximately 9 a.m. At days 0 and 17 of pregnancy, OGTT was
again performed to evaluate glycemia. The glycemic values were
used to mathematically estimate the total area under the curve
(AUC) by the trapezoidal method (Tai, 1994; Gallego et al., 2019).
For the obesity parameter, Lee Index was obtained at days 0 and
17 of pregnancy, and defined as the cube root of body weight (g)
10/nasoanal length (cm), for which a value equal to or <0.300
was classified as normal. Rats presenting values higher than 0.300
were classified as obese (Bernardis and Patterson, 1968; Soares
etal., 2017).

At term pregnancy (day 21), the female rats were anesthetized
with sodium thiopental (Thiopentax®, intraperitoneal route,
120 mg/kg according to protocols of Ethical Committee), and,
after confirming the signs that showed successful anesthetic
procedure, the animals were decapitated to obtain blood samples.
Then, the rats were submitted to laparotomy for exposure of
uterine horns. White adipose depots were collected around
ovaries and then weighed.

Biochemical and Hematological Profile

Analysis
The blood samples were collected in dry tubes and maintained
on ice for 30min and then centrifuged at 1,575 x g for
10min at 4°C. The serum supernatant was at —80°C for
determination of triglycerides (TG), total cholesterol (TC), high-
density lipoprotein cholesterol (HDL-c), using commercial kits.
For hematological analysis, blood was collected (500 pL)
and transferred to tubes with anticoagulant (EDTA). The total
leukocyte count was determined on blood samples diluted 1:20
in Turks solution, using a Neubauer’s hemocytometer. For
differential white blood cell counting, blood smears were fixed
with methanol and stained with Giemsa’s solution. According to
staining and morphological criteria, differential cell analysis was
performed under the light microscope by counting 100 cells, and
the percentage of each cell type was calculated.

Reproductive Outcomes and Fetal

Development

The gravid uterus was withdrawn and dissected for evaluation
of live and dead fetuses, reabsorption (embryonic death),
implantation, and corpora lutea numbers. The number of
undetectable implantation sites was determined by the Salewski
method (Salewski, 1964). The percentage of preimplantation
loss was calculated by [(number of corpora lutea - number of
implantation)/number of corpora lutea] x 100. The percentage
of postimplantation loss was determined by [(number of
implantation — number of live fetuses)/number of implantation]
x 100 (Afiune et al., 2017). Following the collection of fetuses

from the uterine horns, these were weighed and classified as
small (SGA), adequate (AGA), or large (LGA) for gestational
age (Moraes-Souza et al., 2017). The placentas were weighed to
calculate the placental efficiency (fetal weight/placental weight)
(Volpato et al., 2015).

After weight, each fetus was externally examined for cranial
conformation, implantation of ears, eyes, and mouth (existence
of a cleft lip), anterior and posterior limbs (absence or excess
of fingers, position, and size of limbs), thoracic, abdominal, and
dorsal regions (presence of hemorrhage, hematoma, and neural
tube closure defect), tail (size and shape), and anal perforation.
Half of the number of fetuses of each liter was fixed in Bodian’s
solution, and serial sections were prepared as described by
Wilson (1965) for visceral examination. The other fetuses were
processed for examination of the bones by the staining procedure
of Staples and Schnell (1964). Besides the skeletal analyses, the
counting of the ossification sites was performed according to
methodology proposed by Aliverti et al. (1979), which determines
the degree of fetal development. Fetuses that showed no external,
skeletal, and visceral anomalies were considered normal.

Statistical Analysis

The comparison of the mean values between the experimental
groups was determined by analysis of variance (ANOVA),
followed by Tukey’s multiple comparison test. Student’s t-test was
used to compare difference of time (day 0 x day 21 of pregnancy).
Proportions were calculated by the Fisher’s exact test. To verify
the normality of the results, the Shapiro-Wilk Normality test
was used. Differences were considered statistically significant
when p < 0.05.

RESULTS

Obesity Features

Table 2 shows obesity features. The rats NDHF/HS presented
lower feed intake and higher water intake, a positive obesity rate
at day 0 of pregnancy, periovarian, and visceral adipose tissue
weight compared with the NDS group. The DS group showed
decreased gravid uterus weight and higher periovarian/visceral
adipose tissues weight when compared with NDS rats. The
DHF/HS rats presented increase in water and caloric intake,
number of obese rats, periovarian and visceral adipose tissue
weight, decrease in feed intake, maternal weight gain, and gravid
uterus weight compared with the NDS rats. In addition, the feed
intake was increased, and water intake was decreased compared
with NDHF/HS and DS groups; and the DHF/HS group had the
gravid uterus weight decrease compared with the NDHE/HS rats
and a higher positive obesity rate compared with the DS group.

Diabetes Biomarker

The area under the curve (AUC) obtained by oral glucose
tolerance test (OGTT) was increased in both diabetic groups
(DS and DHE/HS) on days 0 and 17 of pregnancy compared
with non-diabetic groups (NDS and NDHF/HS). In addition,
the DHF/HS group showed an increase in AUC on day 17 of
pregnancy compared with the DS group. There was no difference
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TABLE 2 | Obesity features of non-diabetic (ND) and diabetic (D) rats treated or not (S) with high-fat/high-sugar diet (HF/HS) before and during pregnancy.

Groups

NDS (n = 13) NDHF/HS (n = 11) DS (n =12) DHF/HS (n = 13)
Food intake (g/day)? 19.7 £ 1.6 135+ 1.5* 21.0+24 16.4 & 3.1*#%
Water intake (mL/day)? 442 +51 92.1 +23.3* 39.4 +13.9 72.0 +18.8*#%
Caloric intake (Kcal/day)? 79.2 +6.4 84.9+7.8 84.4 +9.6 95.2 + 15.8*
Weight gain in pregnancy (g)? 116.7 +£ 13.3 110.8 + 16.6 90.7 £42.3 79.8 £ 39.9*
Gravid uterus weight (g)? 82.3+13.2 82.9+13.0 55.4 + 31.4* 55.8 + 26.9**
Positive obesity (%)°
Previous pregnancy 0.0 71.4* 25.0* 77.83
Weight of periovarian adipose tissue (g)? 0.4 +0.1 0.9+ 0.2* 0.8+ 0.2* 1.1+£04"
Weight of visceral adipose tissue (g)? 3.1+£05 4.0+ 1.5" 3.9+ 09" 54+1.8"

Data shown as mean =+ standard deviation (SD) and proportions (%). *p < 0.05, compared with the NDS group; *p < 0.05, compared with the NDHF/HS group; $p < 0.05, compared

with the DS group @ANOVA followed Tukey's multiple comparison test; Fisher's exact test).

#
30000 - % 3
oDay 0 # #
~ * %
£ 2 .
£ S50 EDay 17
4 a
20000 A #
| *
-
)
£ 15000 -
e a
4 a
= 10000 -
2
£
3
ES 5000 -
&)
0
NDS NDHF/HS DS DHF/HS
Groups
FIGURE 2 | An area under the curve of oral glucose tolerance test (OGTT) on days 0 and 17 of pregnancy of non-diabetic (ND) and diabetic (D) rats treated or not (S),
with high-fat/high-sugar diet (HF/HS) before and during pregnancy. Data shown as mean =+ standard deviation (SD). *o < 0.05, compared with the NDS group; #p <
0.05, compared with NDHF/HS group; $p < 0.05, compared with the DS group (ANOVA followed Tukey’s Multiple Comparison test); 2p < 0.05, compared with day O
of pregnancy (Student’s T-test).

in AUC between days 0 and 17 of pregnancy of DHF/HS
rats (Figure 2).

Maternal Biochemical Parameters

There was no difference in TC, ALT, and AST concentrations
among the groups. The DHF/HS group showed an increase in
protein and albumin compared with the non-diabetic groups
(NDS and NDHF/HS). The TG levels groups presented an
increase in the NDHF/HS group compared with standard diet
groups (NDS and DS), and the DHF/HS showed an increase in
relation to other groups (Table 3).

Hematological Profile

The DS group showed decreased number of monocytes
compared with the NDS rats. There was an increase in total
leukocytes, segmented, and eosinophil in the DHF/HS group
compared with the other experimental groups. The DHF/HS
group also had increased number of monocytes in relation to the
NDHF/HS and DS groups (Table 4).

Pre- and Postimplantation Embryonic
Losses

Figure 3 shows the embryonic losses before and after the
implantation process. The diabetic rats of both groups (DS
and DHF/HS) showed an increased percentage of pre- and
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TABLE 3 | Biochemistry parameters at term pregnancy of non-diabetic (ND) and diabetic (D) rats treated or not (S) with high-fat/high-sugar diet (HF/HS) before and
during pregnancy.

Groups

NDS (n = 13) NDHF/HS (n = 11) DS (n = 12) DHF/HS (n = 13)
Total protein (g/dL) 55+0.9 55+1.5 6.3+1.1 8.1+ 1.9
Albumin (mg dL) 28+0.2 28+04 3.1+05 3.3 £ 0.4
TC (mg/dL) 61.4+£3.2 77.4+12.4 66.0 4+ 5.2 82.0+9.8
TG (mg/dL) 9724741 372.4 £ 119.9* 182.0 4+ 34.3* 485.6 + 138.5*%
ALT (U/) 87.24+8.9 90.8 + 6.3 84.0+7.8 92.6 +10.8
AST (U/L) 188.4 £8.5 151.8+21.6 181.8 +27.6 164.6 + 30.9

Data shown as mean = standard deviation (SD). *p < 0.05, compared with the NDS group; *p < 0.05, compared with the NDHF/HS group; $p < 0.05, compared with the DS group
(ANOVA followed Tukey’s multiple comparison test).

TABLE 4 | A hematological profile at term pregnancy of non-diabetic (ND) and diabetic (D) rats treated or not (S) with high-fat/high-sugar diet (HF/HS) before and during
pregnancy.

Groups

NDS (n = 13) NDHF/HS (n = 11) DS (n = 12) DHF/HS (n = 13)
Leukocytes (10%/mm?) 5.91+0.82 5.47 +2.63 6.03 + 0.82 8.64 +1.65*%
Segmented (10%/mm3) 2.23 + 0.31 (38-43%) 2.64 £ 1.60 (41-51%) 2.52 + 0.43 (33-53%) 4.51 + 1.24**8 (44-60%)
Lymphocytes (10%/mm?3) 3.41 £ 0.73 (562-62%) 2.73 £1.01 (45-55%) 3.34 +1.02 (44-64%) 3.81 £ 1.01 (35-53%)
Monocytes (10%/mm?®) 0.20 + 0.08 (2-4%) 0.12 £ 0.06 (1-3%) 0.09 + 0.04* (0-2%) 0.25 + 0.08"% (2-4%)
Eosinophils (10%/mm?3) 0.01 £ 0.02 (0-1%) 0.01 £ 0.01 (0-1%) 0.02 £+ 0.08 (0-1%) 0.09 =+ 0.08**% (0-2%)
Basophil (10%/mm?) 0.00 + 0.00 (0-0%) 0.00 £ 0.00 (0-0%) 0.00 + 0.00 (0-0%) 0.00 + 0.00 (0-0%)

Data shown as mean =+ standard deviation (SD). *p < 0.05, compared with the ND group; *p < 0.05, compared with the NDHF/HS group; $p < 0.05, compared with the DS group
(ANOVA followed Tukey’s multiple comparison test).

30
OPre-implantation loss % # #
25 . . x ¥
@ Postimplantation loss *

)

X 20
~
@
g

8 15
=
S
s

o 10
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0

NDS NDHF/HS DS DHF/HS
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FIGURE 3 | Percentage (%) of pre- and postimplantation losses of non-diabetic (ND) and diabetic (D) rats treated or not (S), with high-fat/nigh-sugar diet (HF/HS)
before and during pregnancy. *o < 0.05, compared with the NDS group; #p < 0.05, compared with the NDHF/HS group (Fisher's exact test).
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postimplantation losses compared with those of non-diabetic
animals (NDS and NDHF/HS).

Fetal and Placental Data

The fetal weight and number of fetuses classified as adequate
for gestational age (AGA) were decreased in the NDHF/HS
and DHEF/HS groups compared with those of NDS group. The
percentage of fetuses classified as small for gestational age (SGA)
was increased in the NDHF/HS and DHF/HS rats in relation
with those of the NDS group. The NDHF/HS group presented
decrease in placental weight compared with the other groups,
and the DHF/HS rats showed decrease in placental efficiency
compared with the NDS rats. The ossification sites of fetuses from
dams that received HF/HS diet (ND and D) were decreased in
relation to respective control groups (Table 5).

Fetal Anomalies

The percentage of normal fetuses was decreased in three groups
when compared with the ND group. The diabetic groups (DS
and DHF/HS) showed an increased percentage of fetuses with
skeletal anomalies compared with the ND groups. The fetuses of
the DHF/HS rats showed higher incidence of visceral anomalies
compared with those of the ND group, higher percentage
of skeletal anomalies and lower percentage of normal fetuses
compared with those of the NDHF/HS group (Figure4A).
Representative images of the main anomalies found are shown
in Figures 4B-].

DISCUSSION

The streptozotocin-induced mild diabetes in rat offspring after
birth caused a diabetic status. This was confirmed by oral glucose
tolerance test (OGTT) and higher area under curve (AUC) data.
Before pregnancy, there was no significant difference in fertility
rates among the groups. In the experimental model of mild
diabetes induction, used in the present study, the fertility rate was
around 90%, corroborating Sinzato et al. (2021). In the groups
that consumed HS/HF diet, the treatment time was not enough
to change the fertility rate. During pregnancy of these rats, the
hyperglycemia led to impairment on embryonic development,
contributing to embryo losses as verified at term pregnancy.
The rats that received high-fat diet and sugar in drinking
water at adulthood presented with greater Lee index values,
confirming obesity. In addition, these female rats showed higher
periovarian and visceral fat weight and hypertriglyceridemia.
In this maternal condition, there was higher incidence of
small fetuses for gestational age, indicating intrauterine growth
restriction (IUGR) associated with obesity. The use of animal
models to study maternal association between diabetes and
obesity helps understand the functional, biochemical, and
morphological changes caused by these connected diseases. Our
findings showed that diabetes and obesity status caused maternal
hyperglycemia and an abnormal leukocyte profile, contributing
to IUGR. In addition, this association led to embryo-fetal losses
and the onset of anomalies in the fetuses at the end of pregnancy,
confirming the maternal, fetal, and perinatal complications
induced by diabetes and obesity during pregnancy.

Metabolic disorders, such as diabetes, may cause hyperphagia
condition, but the mechanisms involved are not fully understood
(Li et al., 2019). The regulator of food intake is influenced by the
balance among appetite, satiety, and energy expenditure, and this
biological process is called “energy homeostasis” (Morton et al.,
2014; Deemer et al., 2019). This balance is regulated by the central
nervous system (Deemer et al., 2019) and multiple metabolic
signals, such as leptin (Zhang and Chua, 2017), insulin (Briining
et al., 2000), glucagon-like peptide 1 (GLP1) (Ong et al., 2017),
and cholecystokinin (CCK) (Woods et al., 2018). In this study,
diabetes and high-fat/high-sugar diet alone did not interfere with
daily caloric intake. However, the association between diabetes
and abnormal diet might activate neurocircuits, which impaired
the controller system of energy homeostasis, influencing in body
weight (Morton et al., 2014) and the regulation of caloric intake.
Then, even the rats eating less high-fat diet but drinking more
sugar in the water presented obesity status. The deregulation
of energy consumption is one of the major causes of obesity
(Erlanson-Albertsson, 2005), confirmed by body weight (de
Almeida et al, 2016), body composition and fat deposits,
especially visceral fat (Poirier et al., 2006). Our findings showed
that diabetic rats submitted to a high-fat/high-sugar diet showed
a reduction in body weight gain during pregnancy, but, even
so, they developed obesity, as verified by Lee index, which
is a murinometric parameter for obesity classification used in
experimental studies (Bernardis and Patterson, 1968; Fernandes
et al, 2012). Concomitantly, there was an increased weight of
periovarian and visceral fat. In experimental models, the carcass
relative fat is one of the variables to indicate obesity (Nascimento
et al., 2008; Kim et al., 2017).

The oral glucose tolerance test (OGTT) determines degree of
glucose tolerance, expressing the ability of B-pancreatic cells to
secrete insulin and tissue sensitivity to this hormone (American
Diabetes Association, 2020). There were higher blood glucose
values in the OGTT in diabetic groups and consequent increase
in the area under the curve (AUC), leading to glucose intolerance
and, later, diabetes. Then, once diabetes and obesity have been
confirmed, it was demonstrated that diabetic and obese rats
presented higher levels of blood total protein and albumin. These
biochemical parameters are used in animal nutrition research
to evaluate its health (Luca and Reis, 2004). Several processes
regulate plasma albumin concentration, including synthesis,
distribution, and exogenous albumin loss (Dom and Kaysen,
2003). Roche et al. (2008) and Guerin-Dubourg et al. (2012)
described albumin as an antioxidant, and it might be elevated in
our animals to compensate the higher levels of reactive oxygen
species (ROS) induced by diabetes (Raza et al., 2011; Patche et al.,
2017; Sinzato et al., 2019) and obesity (Diniz et al., 2004; Burneiko
et al., 2006; De Sibio et al., 2013). Our results showed that
obesity, alone or associated with diabetes, causes dyslipidemia.
Other authors also verified dyslipidemia in experimental animals
(Panchal et al., 2011; Zhou et al., 2014; Hao et al., 2015; Senaphan
et al., 2015), and different types of diets influence the lipid
profile (Desroches et al., 2006). Lipid metabolism, including lipid
absorption, transport, synthesis, and degradation, is a complex
process, which can lead to other diseases (Huang and Freter,
2015). Among these, diabetes (Dong et al., 2017), inflammation,
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TABLE 5 | Fetal and placental weights, placental efficiency, and ossification sites of fetuses from non-diabetic (ND) and diabetic (D) rats treated or not (S) with

high-fat/high-sugar diet (HF/HS) before and during pregnancy.

Groups

NDS (n = 147 fetuses)

NDHF/HS (n = 131 fetuses)

DS (n = 95 fetuses) DHF/HS (n = 102 fetuses)

Fetal weight (g)? 5.57 + 0.46 5.25 + 0.65 5.46 + 0.49 5.35 + 0.55
SGA Fetuses (%)° 4.08 19.08* 10.54 16.66*
AGA Fetuses (%)° 90.48 75.58* 84.20 80.40"
LGA Fetuses (%)° 5.44 5.34 3.16 2.94
Placental weight (g)® 0.49 + 0.06 0.47 £ 0.07* 0.49 + 0.08" 0.50 + 0.09"
Placental efficiency? 11.58 & 1.42 11.45 + 1.85 11.24 + 1.68 10.82 &+ 1.73*
Ossification sites® 24.96 £ 1.71 22.80 + 2.02" 24.42 £2.49 21.78 £ 0.93"%

Data shown as mean =+ standard deviation (SD) and proportions (%). *p < 0.05, compared with the C Group; *p < 0.05, compared with the NDHF/HS group; $p < 0.05, compared

with the D Group @ANOVA followed Tukey’s multiple comparison test; P Fisher's exact test).

atherosclerosis (Joseph et al., 2003), obesity (Kaess et al., 2014),
and hypertension (Siri-Tarino and Krauss, 2016) are related. The
male rats feeding HFD showed increased blood pressure (Sa
et al,, 2019), and Hsu et al. (2019) showed that the consumption
of HFD during pregnancy of rats was responsible for inducing
hypertension in adult offspring.

Considering the hematological profile, the association
between diabetes and obesity increased the number of total
leukocytes, segmented (mature neutrophils), monocytes,
and eosinophil. The total and differential leukocyte count
is an important parameter to evaluate conditions related
with inflammatory processes (George-Gay and Parker, 2003).
Increased leukocyte amount due to deregulation of immune
activity caused by adipose tissue expansion contributes to
obesity-induced inflammation (Trellakis et al, 2012; Poret
et al,, 2018). Obesity may cause immunomodulation, inducing a
higher ratio from neutrophils to lymphocytes due to increased
recruitment and activation of peripheral blood neutrophils to
adipose tissue (Elgazar-Carmon et al., 2008; Trellakis et al.,
2012). In addition, it can stimulate mobilization of bone
marrow monocytes so that they fall into the bloodstream
and reach adipose tissue as macrophages (Ghigliotti et al,
2014). In this study, the diabetic rats presented lower levels of
monocytes. Monocyte is one of the main leukocyte subtypes
and is considered an inflammatory biomarker (Badr et al,
2019), and its influx in perivascular regions and retinal pigment
epithelium has been verified (Benhar et al,, 2016). Decreased
peripheral blood monocyte levels were related to diabetic
retinopathy in diabetic adults without potential confounders
(Wan et al,, 2020), suggesting the onset of the diabetes-
induced retinal complication in these dams. Eosinophils are
the main regulators of the physiological processes and immune
function of perivascular adipose tissue (Withers et al., 2017).
According to Maizels and Allen (2011), eosinophils prevent
inflammation caused by obesity because it possibly increases the
numbers of eosinophils or Th2 cells. This might be explained
because the IL-4 and IL-13 secretion signal gamma peroxisome
proliferator activated receptor (PPARy), which, if activated by
appropriate lipids, inhibits the expression of genes that promote
inflammation (Szanto et al., 2010). Therefore, it is supposed that

eosinophilia present in the diabetic and obese group was due to
the homeostatic mechanism, tending to minimize the possible
inflammation caused by obesity.

The reproductive analysis of the animals in this study showed
embryonic losses before and after implantation, which were
higher in both diabetic groups, demonstrating the influence
of hyperglycemia on the implantation process. Regardless
of the degree of severity, hyperglycemia is related to pre-
and postimplantation losses in the intrauterine environment
(Sinzato et al., 2011; Bequer et al, 2018; Gallego et al,
2018). Moreover, problems with cytokine regulation, which
occurs in diabetic pregnancy, can lead to damage during early
embryonic development, such as pre-implant failure, leading
to a reduced number of implants and postimplantation losses
indicated by an increased rate of resorption and a reduced
number of live fetuses (Sinzato et al., 2011; Dela Justina
et al, 2017). These findings contributed to a lesser weight
gain during pregnancy and maternal final weight at term
pregnancy. However, obesity did not increase embryo loss rates
in the animals.

For the success of pregnancy, it is essential that, during the
implantation period, the physiological and molecular processes
are coordinated, involving close interactions between the uterus
and the blastocyst (Cha et al., 2012). Then, the dams presenting
biochemical alterations induced by diabetes, obesity, and both
contributed to impaired reproductive outcomes. In relation to
fetal development and growth from diabetic and/or obese dams,
our study demonstrated that only altered diet caused intrauterine
growth restriction, which was confirmed by reduction of the
fetal weight, higher percentage of small fetuses for the gestational
age, and decline of ossification sites. These findings corroborate
other authors since diabetes (Damasceno et al., 2014) and
maternal obesity and high-calorie intake (Zou et al., 2017) may
impair fetal development. Growth restriction may be related
to different maternal adaptations to diet and diet components,
with maternal nutrition being a possible factor in intrauterine
growth restriction (Howie et al., 2009; Setia and Sridhar, 2009;
Mark et al., 2011; Tellechea et al., 2017). The animals that
received a high fat/sugar diet had altered placental weights,
which may be related to functional or morphological placental
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FIGURE 4 | (A) Percentage (%) of anomalies of fetuses from non-diabetic (ND) and diabetic (D) rats in treated or not (S) with high-fat/nigh-sugar diet (HF/HS) before
and during pregnancy. Panels (B-J)—representative images of the main skeletal (B-D) and visceral (F-J) anomalies. Panel (B) —normal sternebra of rat fetuses.
Panel (C)—abnormally shaped sternebra and bipartite ossification of sternebra (arrow). Panel (D)—incomplete ossification of sternebra (arrow). Panels (E,F)—a
thoracic section from rat fetuses, with (E) normal trachea (arrow) and (F) dilated trachea (arrow). Panels (G,H)—a kidney transversal section from rat fetuses, with (G)
normal renal calices (arrow) and (H) dilated renal calices (arrow). Panels (I,J)—the pelvis section from rat fetuses, with (I) normal ureter (arrow) and (J) enlarged
ureter— hydroureter (arrow). *p < 0.05—compared with the NDS group; #p < 0.05, compared with the NDHF/HS group (Fisher’s exact test).

alterations. These placental changes may have contributed to
the decrease in fetal weight. Intrauterine growth restriction
leads to a variety of phenotypes related to the metabolic
syndrome in adult children, including hypertension (Tain et al.,
2017; Bendix et al., 2020). In addition, the obesity induced by
high-fat/high-sugar diet, whether associated or not associated
with diabetes, decreased the frequency of fetuses without
anomalies. The diabetes status increased skeletal anomalies. The
rats presenting diabetes and obesity showed an exacerbated
percentage of fetal abnormalities, with an increased frequency of
visceral anomalies. Bueno et al. (2020) already demonstrated that

maternal hyperglycemia causes an abnormal fetal metabolism,
contributing to an increase of visceral anomalies in the offspring
of diabetic rats. Besides, fetal metabolic dysregulation may also
occur due to the maternal consumption of a carbohydrate and
lipid-rich diet (Musial et al., 2017), which interferes with various
pathways of the developing organs, such as the liver, skeletal
muscle, adipose tissue, brain, and pancreas (Heerwagen et al.,
2010).

This study points out strengths as several variables and
biomarkers evaluated, using a solid and structured experimental
model; however, it is a study performed in laboratory animals

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 701767


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Araujo-Silva et al.

Maternal Diabetes and Obesity Effects

and needs more attention for human application. For limitation,
we have the lack of measurement of leptin, since it could be
used during the discussion of appetite and feed intake. Another
limiting factor is the determination of the free fat acid levels to
relate to other lipid parameters.

In conclusion, the association between maternal diabetes
and obesity induces metabolic, leukocyte, and biochemical
alterations that contribute to affect fetal development and
growth. Further studies are needed to clear more the
mechanisms involved during diabesity in pregnancy to
prevent the fetal/neonatal outcomes in humans. Then,
the experimental model employed in our study helps
understand some pathophysiological mechanisms linked to this
association, allowing interventionist methods to avoid maternal
changes and, consequently, fetal repercussions as found in
this study.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by The Ethical
Committee for Animal Research of Araguaia—UFMT, Brazil
(Protocol number 23108.022251/2019-61).

REFERENCES

Afiune, L. A. F,, Leal-Silva, T., Sinzato, Y. K., Moraes-Souza, R. Q., Soares, T.
S., Campos, K. E., et al. (2017). Beneficial effects of Hibiscus rosa-sinensis L.
flower aqueous extract in pregnant rats with diabetes. PLoS ONE 12:e0179785.
doi: 10.1371/journal.pone.0179785

Aliverti, V., Bonanomi, L., Giavini, E., Leone, V. G., and Marlani, L. (1979).
The extent of fetal ossification as an index of delayed development in
teratogenic studies on the rat. Teratology 20, 237-242. doi: 10.1002/tera.14202
00208

American Diabetes Association (2020). Classification and diagnosis of diabetes.
Diabetes Care 43, S14-S31. doi: 10.2337/dc20-S002

Badr, R. E., Salama, M. I, Abd-Elmaogood, A. K., and Eldeib, A. E. M.
(2019). Toll-like receptor 2 expression on monocytes and microvascular
complications in type 2 diabetic patients. Diabetes Metab. Syndr. 13,1299-1302.
doi: 10.1016/j.dsx.2019.01.038

Bendix, I, Miller, S. L, and Winterhager, E. (2020). Causes and
consequences of intrauterine growth restriction. Front. Endocrinol. 11:205.
doi: 10.3389/fend0.2020.00205

Benhar, I, Reemst, K., Kalchenko, V., and Schwartz, M. (2016). The retinal pigment
epithelium as a gateway for monocyte trafficking into the eye. EMBO J. 35,
1219-1235. doi: 10.15252/embj.201694202

Bequer, L., Gémez, T., Molina, J. L., Alvarez, A., Chaviano, C., and Clapés, S.
(2018). Experimental diabetes impairs maternal reproductive performance in
pregnant Wistar rats and their offspring. Syst. Biol. Reprod. Med. 64, 60-70.
doi: 10.1080/19396368.2017.1395928

Bernardis, L. L., and Patterson, B. D. (1968). Correlation between ‘Lee index’ and
carcass fat content in weanling and adult female rats with hypothalamic lesions.
J. Endocrinol. 40, 527-528. doi: 10.1677/j0e.0.0400527

AUTHOR CONTRIBUTIONS

VA-S and GV: conception and design, data acquisition, data
analysis and interpretation, and manuscript writing. AS-S, AL,
and CB-B: data acquisition, data analysis and interpretation, and
manuscript writing. RM-S, TS, VP, and YS: data interpretation
and manuscript writing. BK: manuscript writing. DD: data
analysis and interpretation and manuscript writing. All authors
have reviewed the manuscript, agreed with its contents,
consented to its publication, and that there are no other persons
who satisfied the criteria for authorship. We further confirm
that all of us have approved the order of the authors listed in
the manuscript.

FUNDING

AS-S and AL are grateful to Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq/Brazil)
scholarship. This study was financed by the Coordination for the
Improvement of Higher Education Personnel (CAPES/Brazil)—
Financial Code 001 for the fellowship to VA-S, CB-B, and
VP. This research was supported by the Sio Paulo Research
Foundation (FAPESP/Brazil, Process No. 2016/25207-5), under
the coordination of DD.

ACKNOWLEDGMENTS

The authors are thankful to the staff of the Laboratory System
Physiology and Reproductive Toxicology (FisioTox), especially
to Maysa Rocha de Souza, for auxiliary practical procedures.

Briining, J. C., Gautam, D., Burks, D. J., Gillette, J., Schubert, M., Orban, P. C,,
et al. (2000). Role of brain insulin receptor in control of body weight and
reproduction. Science 289, 2122-2125. doi: 10.1126/science.289.5487.2122

Bueno, A., Sinzato, Y. K.,Volpato, G. T., Gallego, F. Q., Perecin, F., Rodrigues,
T., et al. (2020). Severity of prepregnancy diabetes on the fetal malformations
and viability associated with early embryos in rats. Biol. Reprod. 103, 938-950.
doi: 10.1093/biolre/ioaal51

Burneiko, R. C., Diniz, Y. S., Galhardi, C. M., Rodrigues, H. G., Ebaid, G. M. X,
Faine, L. A, et al. (2006). Interaction of hypercaloric diet and physical exercise
on lipid profile, oxidative stress and antioxidant defenses. Food Chem. Toxicol.
44, 1167-1172. doi: 10.1016/j.fct.2006.01.004

Cha, J., Sun, X., and Dey, S. K. (2012). Mechanisms of implantation: strategies for
successful pregnancy. Nat. Med. 18, 1754-1767. doi: 10.1038/nm.3012

Cho, N. H.,, Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D.,
Ohlrogge, A. W., et al. (2018). IDF Diabetes Atlas: global estimates of diabetes
prevalence for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 138,
271-281. doi: 10.1016/j.diabres.2018.02.023

Damasceno, D. C., Netto, A. O., Iessi, I. L, Gallego, F. Q., Corvino, S.
B., Dallaqua, B., et al. (2014). Streptozotocin-induced diabetes models:
pathophysiological mechanisms and fetal outcomes. Biomed. Res. Int.
2014:819065. doi: 10.1155/2014/819065

Damasceno, D. C,, Sinzato, Y. K., Lima, P. H,, de Souza, M. S., Campos,
K. E., Dallaqua, B, et al. (2011). Effects of exposure to cigarette
smoke prior to pregnancy in diabetic rats. Diabetol. Metab. Syndr. 3:20.
doi: 10.1186/1758-5996-3-20

de Almeida, M. E. F., Simao, A. A, Corréa, A. D., and Fernandes, R. V. B. (2016).
Improvement of physiological parameters of rats subjected to hypercaloric diet,
with the use of Pereskiagrandifolia (Cactaceae) leaf flour. Obes. Res. Clin. Pract.
10, 701-709. doi: 10.1016/j.0rcp.2015.10.011

Frontiers in Physiology | www.frontiersin.org

10

August 2021 | Volume 12 | Article 701767


https://doi.org/10.1371/journal.pone.0179785
https://doi.org/10.1002/tera.1420200208
https://doi.org/10.2337/dc20-S002
https://doi.org/10.1016/j.dsx.2019.01.038
https://doi.org/10.3389/fendo.2020.00205
https://doi.org/10.15252/embj.201694202
https://doi.org/10.1080/19396368.2017.1395928
https://doi.org/10.1677/joe.0.0400527
https://doi.org/10.1126/science.289.5487.2122
https://doi.org/10.1093/biolre/ioaa151
https://doi.org/10.1016/j.fct.2006.01.004
https://doi.org/10.1038/nm.3012
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1155/2014/819065
https://doi.org/10.1186/1758-5996-3-20
https://doi.org/10.1016/j.orcp.2015.10.011
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Araujo-Silva et al.

Maternal Diabetes and Obesity Effects

De Sibio, M. T., Luvizotto, R. A., Olimpio, R. M., Corréa, C. R., Marino, J., Conde,
S.J.,etal. (2013). A comparative genotoxicity study of a supraphysiological dose
of triiodothyronine (T3) in obese rats subjected to either calorie-restricted diet
or hyperthyroidism. PLoS ONE 8:e56913. doi: 10.1371/journal.pone.0056913

Deemer, S. E., Davis, R. A. H,, Gower, B. A, Koutnik, A. P., Poff, A. M,,
Dickinson, S. L., et al. (2019). Concentration-dependent effects of a dietary
ketone ester on components of energy balance in mice. Front. Nutr. 6:56.
doi: 10.3389/fnut.2019.00056

Dela Justina, V. Gongalves, J. S. de Freitas, R. A., Fonseca, A. D.,
Volpato, G. T., Tostes, R. C., et al. (2017). Increased O-Linked N-
Acetylglucosamine modification of NF-kB and augmented cytokine production
in the placentas from hyperglycemic rats. Inflammation 40, 1773-1781.
doi: 10.1007/s10753-017-0620-7

Desroches, S., Archer, W. R,, Paradis, M. E., Dériaz, O., Couture, P., Bergeron, J.,
et al. (2006). Baseline plasma C-reactive protein concentrations influence lipid
and lipoprotein responses to low-fat and high monounsaturated fatty acid diets
in healthy men. J. Nutr. 136, 1005-1011. doi: 10.1093/jn/136.4.1005

Diniz, Y. S., Fernandes, A. A., Campos, K. E., Mani, F., Ribas, B. O., and Novelli,
E. L. B. (2004). Toxicity of hypercaloric diet and monosodium glutamate:
oxidative stress and metabolic shifting in hepatic tissue. Food Chem. Toxicol.
42, 313-319. doi: 10.1016/j.fct.2003.09.006

Dom, B. R,, and Kaysen, G. (2003). Serum albumin: relationship to inflammation
and nutrition. Semin. Dial. 17, 432-437. doi: 10.1111/j.0894-0959.2004.17603.x

Dong, Y., Gao, W., Zhang, L., Wei, J., Hammar, N., Cabrera, C. S,, et al. (2017).
Patient characteristics related to metabolic disorders and chronic complications
in type 2 diabetes mellitus patients hospitalized at the Qingdao Endocrine and
Diabetes Hospital from 2006 to 2012 in China. Diab. Vasc. Dis. Res. 14, 24-32.
doi: 10.1177/1479164116675489

Elgazar-Carmon, V., Rudich, A., Hadad, N., and Levy, R. (2008). Neutrophils
transiently infiltrate intra-abdominal fat early in the course of high-fat feeding.
J. Lipid. Res. 49, 1894-1903. doi: 10.1194/j1r.M800132-JLR200

Entringer, S., Buss, C., Swanson, J. M., Cooper, D. M., Wing, D. A., Waffarn, F,,
et al. (2012). Fetal programming of body composition, obesity, and metabolic
function: the role of intrauterine stress and stress biology. J. Nutr. Metab.
2012:632548. doi: 10.1155/2012/632548

Erlanson-Albertsson,  C. (2005).
appetite regulation. Basic.  Clin.
doi: 10.1111/§.1742-7843.2005.pto_179.x

Fernandes, G. S., Arena, A. C., Campos, K. E., Volpato, G. T., Anselmo-
Franci, J. A., Damasceno, D. C,, et al. (2012). Glutamate-induced obesity
leads to decreased sperm reserves and acceleration of transit time in
the epididymis of adult male rats. Reprod. Biol. Endocrinol. 10:105.
doi: 10.1186/1477-7827-10-105

Fleming, T. P., Velazquez, M. A, and Eckert, J. J. (2015). Embryos,
DOHaD and David Barker. J. Dev. Orig. Health Dis. 6, 377-383.
doi: 10.1017/S2040174415001105

Gallego, F. Q., Miranda, C. A,, Sinzato, Y. K,, Iessi, I. L., Dallaqua, B., Volpato,
G. T., et al. (2019). Temporal analysis of distribution pattern of islet cells
and antioxidant enzymes for diabetes onset in postnatal critical development
window in rats. Life Sci. 226, 57-67. doi: 10.1016/j.1fs.2019.03.061

Gallego, F. Q., Sinzato, Y. K., Miranda, C. A, Iessi, L. L., Dallaqua, B., Volpato, G.
T., et al. (2018). Pancreatic islet response to diabetes during pregnancy in rats.
Life Sci. 214, 1-10. doi: 10.1016/.1fs.2018.10.046

George-Gay, B., and Parker, K. (2003). Understanding the complete blood count
with differential. J. Perianesth. Nurs. 18, 96-114. doi: 10.1053/jpan.2003.50013

Ghigliotti, G., Barisione, C., Garibaldi, S., Fabbi, P., Brunelli, C., Spallarossa,
P., et al. (2014). Adipose tissue immune response: novel triggers and
consequences for chronic inflammatory conditions. Inflammation 37,
1337-1353. doi: 10.1007/s10753-014-9914-1

Guerin-Dubourg, A., Catan, A., Bourdon, E., and Rondeau, P. (2012). Structural
modifications of human albumin in diabetes. Diabetes Metab. 38, 171-178.
doi: 10.1016/j.diabet.2011.11.002

Hao, L., Lu, X, Sun, M,, Li, K, Shen, L., and Wu, T. (2015). Protective effects of
L-arabinose in high-carbohydrate, high-fat diet-induced metabolic syndrome
in rats. Food Nutr. Res. 59:28886. doi: 10.3402/fnr.v59.28886

Hauschildt, A. T., Cor4, L. A., Volpato, G. T., Sinzato, Y. K., Damasceno, D. C,,
and Américo, M. F. (2018). Mild diabetes: long-term effects on gastric motility
evaluated in rats. Int. J. Exp. Pathol. 99, 29-37. doi: 10.1016/10.1111/iep.12262

food
97,

How  palatable

Pharmacol.  Toxicol.

disrupts
61-73.

Heerwagen, M. ], Miller, M. R, Barbour, L. A, and Friedman, J. E.
(2010). Maternal obesity and fetal metabolic programming: a fertile
epigenetic soil. Am. J. Physiol. Regul. Integr.Comp. Physiol. 299, R711-R722.
doi: 10.1152/ajpregu.00310.2010

Howie, G. J., Sloboda, D. M., Kamal, T., and Vickers, H. (2009). Maternal
nutritional history predicts obesity in adult offspring independent of postnatal
diet. J. Physiol. 587, 905-915. doi: 10.1113/jphysiol.2008.163477

Hsu, C. N, Hou, C. Y., Chan, ]. Y., Lee, C. T., and Tain, Y. L. (2019). Hypertension
programmed by perinatal high-fat diet: effect of maternal gut microbiota-
targeted therapy. Nutrients 11:2908. doi: 10.3390/nu11122908

Hu, F. B. (2011). Globalization of diabetes: the role of diet, lifestyle, and genes.
Diabetes Care 34, 1249-1257. doi: 10.2337/dc11-0442

Huang, C., and Freter, C. (2015). Lipid metabolism, apoptosis and cancer therapy.
Int. ]. Mol. Sci. 16, 924-949. doi: 10.3390/ijms16010924

Jawerbaum, A., and White, V. (2010). Animal models in diabetes and pregnancy.
Endocr. Rev. 31, 680-701. doi: 10.1210/er.2009-0038

Joseph, S. B., Castrillo, A., Laffitte, B. A., Mangelsdorf, D. J., and Tontonoz, P.
(2003). Reciprocal regulation of inflammation and lipid metabolism by liver
X receptors. Nat. Med. 9, 213-219. doi: 10.1038/nm820

Kaess, B. M., Jozwiak, J., Nelson, C. P., Lukas, W., Mastej, M., Windak, A., et al.
(2014). The relation of rapid changes in obesity measures to lipid profile -
insights from a nationwide metabolic health survey in 444 Polish cities. PLoS
ONE 9:¢86837. doi: 10.1371/journal.pone.0086837

Kim, M. R, Kim, J. W,, Park, J. B,, Hong, Y. K,, Ku, S. K,, and Choi, J. S.
(2017). Anti-obesity effects of yellow catfish protein hydrolysate on mice fed
a 45% kcal high-fat diet. Int. J. Mol. Med. 40, 784-800. doi: 10.3892/ijmm.201
7.3063

Kitzmiller, J. L., Buchanan, T. A., Kjos, S., Combs, C. A., and Ratner, R. E. (1996).
Pre-conception care of diabetes, congenital malformations, and spontaneous
abortions. Diabetes Care 19, 514-541. doi: 10.2337/diacare.19.5.514

Krishan, P., Bedi, O., and Rani, M. (2018). Impact of diet restriction
in the management of diabetes: evidences from  preclinical
studies.  NaunynSchmiedebergs ~ Arch.  Pharmacol. 391,  235-245.
doi: 10.1007/s00210-017-1453-5

Ley, S. H., Hamdy, O., Mohan, V., and Hu, F. B. (2014). Prevention and
management of type 2 diabetes: dietary components and nutritional strategies.
Lancet. 383, 1999-2007. doi: 10.1016/S0140-6736(14)60613-9

Li, J. Y., Wu, X,, Lee, A, Zhou, S. Y., and Owyang, C. (2019). Altered R-
spondin 1/CART neurocircuit in the hypothalamus contributes to hyperphagia
in diabetes. J. Neurophysiol. 121, 928-939. doi: 10.1152/jn.00413.2018

Luca, G. C,, and Reis, B. F. (2004). Simultaneous photometric determination
of albumin and total protein in animal blood plasma employing a
multicommutated flow system to carried out on line dilution and reagents
solutions handling. Spectrochim. Acta A. Mol. Biomol. Spectrosc. 60, 579-583.
doi: 10.1016/s1386-1425(03)00265-8

Machado, M., Schavinski, A. Z.,Deluque, A. L., Volpato, G. T., and Campos,
K. E. (2020). The treatment of prednisone in mild diabetic rats: biochemical
parameters and cell response. Endocr. Metab. Immune Disord. Drug Targets 20,
797-805. doi: 10.2174/1871530319666191204130007

Maizels, R. M., and Allen, J. E. (2011). Immunology. Eosinophils forestall obesity.
Science 332, 186-187. doi: 10.1126/science.1205313

Mark, P.J., Sisala, C., Connor, K., Patel, R., Lewis, J. L., Vickers, M. H., et al. (2011).
A maternal high-fat diet in rat pregnancy reduces growth of the fetus and the
placental junctional zone, but not placental labyrinth zone growth. J. Dev. Orig.
Health Dis. 2, 63-70. doi: 10.1017/S2040174410000681

Martins Terra, M., Schaeffer Fontoura, T., Oliveira Nogueira, A., Ferraz Lopes,
J., de Freitas Mathias, P. C., Andreazzi, A. E., et al. (2020). Multigenerational
effects of chronic maternal exposure to a high sugar/fat diet and physical
training. J. Dev. Orig. Health Dis.11, 159-167. doi: 10.1017/520401744190
00503

Matias, A. M., Estevam, W. M., Coelho, P. M., Haese, D., Kobi, J. B. B. S., Lima-
Leopoldo, A. P, et al. (2018). Differential effects of high sugar, high lard or a
combination of both on nutritional, hormonal and cardiovascular metabolic
profiles of rodents. Nutrients 10:1071. doi: 10.3390/nu10081071

Moraes-Souza, R. Q., Soares, T. S., Carmo, N. O., Damasceno, D. C,
Campos, K. E.,, and Volpato, G. T. (2017). Adverse effects of Croton
urucurana B. exposure during rat pregnancy. J. Ethnopharmacol. 199, 328-333.
doi: 10.1016/j.jep.2016.10.061

Frontiers in Physiology | www.frontiersin.org

11

August 2021 | Volume 12 | Article 701767


https://doi.org/10.1371/journal.pone.0056913
https://doi.org/10.3389/fnut.2019.00056
https://doi.org/10.1007/s10753-017-0620-7
https://doi.org/10.1093/jn/136.4.1005
https://doi.org/10.1016/j.fct.2003.09.006
https://doi.org/10.1111/j.0894-0959.2004.17603.x
https://doi.org/10.1177/1479164116675489
https://doi.org/10.1194/jlr.M800132-JLR200
https://doi.org/10.1155/2012/632548
https://doi.org/10.1111/j.1742-7843.2005.pto_179.x
https://doi.org/10.1186/1477-7827-10-105
https://doi.org/10.1017/S2040174415001105
https://doi.org/10.1016/j.lfs.2019.03.061
https://doi.org/10.1016/j.lfs.2018.10.046
https://doi.org/10.1053/jpan.2003.50013
https://doi.org/10.1007/s10753-014-9914-1
https://doi.org/10.1016/j.diabet.2011.11.002
https://doi.org/10.3402/fnr.v59.28886
https://doi.org/10.1016/10.1111/iep.12262
https://doi.org/10.1152/ajpregu.00310.2010
https://doi.org/10.1113/jphysiol.2008.163477
https://doi.org/10.3390/nu11122908
https://doi.org/10.2337/dc11-0442
https://doi.org/10.3390/ijms16010924
https://doi.org/10.1210/er.2009-0038
https://doi.org/10.1038/nm820
https://doi.org/10.1371/journal.pone.0086837
https://doi.org/10.3892/ijmm.2017.3063
https://doi.org/10.2337/diacare.19.5.514
https://doi.org/10.1007/s00210-017-1453-5
https://doi.org/10.1016/S0140-6736(14)60613-9
https://doi.org/10.1152/jn.00413.2018
https://doi.org/10.1016/s1386-1425(03)00265-8
https://doi.org/10.2174/1871530319666191204130007
https://doi.org/10.1126/science.1205313
https://doi.org/10.1017/S2040174410000681
https://doi.org/10.1017/S2040174419000503
https://doi.org/10.3390/nu10081071
https://doi.org/10.1016/j.jep.2016.10.061
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Araujo-Silva et al.

Maternal Diabetes and Obesity Effects

Morton, G. J., Meek, T. H., and Schwartz, M. W. (2014). Neurobiology
of food intake in health and disease. Nat. Rev. Neurosci. 15, 367-378.
doi: 10.1038/nrn3745

Musial, B., Vaughan, O. R,, Fernandez-Twinn, D. S., Voshol, P., Ozanne, S. E,,
Fowden, A. L, et al. (2017). A Western-style obesogenic diet alters maternal
metabolic physiology with consequences for fetal nutrient acquisition in mice.
J. Physiol. 595, 4875-4892. doi: 10.1113/JP273684

Nascimento, A. F., Sugizaki, M. M., Leopoldo, A. S., Lima-Leopoldo, A. P.,
Nogueira, C. R, Novelli, E. L. B,, et al. (2008). Misclassification probability
as obese or lean in hypercaloric and normocaloric diet. Biol. Res. 41, 253-259.
doi: 10.4067/S0716-97602008000300002

Neto, L. S., Moraes-Souza, R. Q., Soares, T. S., Pinheiro, M. S., Leal-Silva,
T., Hoffmann, J. C., et al. (2020). A treatment with a boiled aqueous
extract of Hancorniaspeciosa Gomes leaves improves the metabolic status of
streptozotocin-induced diabetic rats. BMC Complement. Med. Ther. 20:114.
doi: 10.1186/s12906-020-02919-2

Ong, Z. Y, Liu, J. ], Pang, Z. P., and Grill, H. J. (2017). Paraventricular
thalamic control of food intake and reward: role of glucagon-like
peptide-1 receptor signaling. Neuropsychopharmacology 42, 2387-2397.
doi: 10.1038/npp.2017.150

Panchal, S. K., Poudyal, H., Iyer, A., Nazer, R,, Ashraful, A., Vishal, D., et al.
(2011). High-carbohydrate, high-fat diet-induced metabolic syndrome and
cardiovascular remodeling in rats. J. Cardiovasc. Pharmacol. 57, 611-624.
doi: 10.1097/FJC.0b013e3181feb90a

Patche, J., Girard, D., Catan, A. Boyer, F., Dobi, A., Planesse, C., et al
(2017). Diabetes-induced hepatic oxidative stress: a new pathogenic
role for glycated albumin. Free Radic. Biol. Med. 102, 133-148.
doi: 10.1016/j.freeradbiomed.2016.11.026

Poirier, P., Giles, T. D., Bray, G. A., Hong, Y., Stern, J. S., Pi-Sunyer, F. X,,
et al. (2006). Obesity and cardiovascular disease: pathophysiology, evaluation,
and effect of weight loss. Arterioscler.Thromb. Vasc. Biol. 26, 968-976.
doi: 10.1161/01.ATV.0000216787.85457.f3

Popkin, B. M. (2015). Nutrition transition and the global diabetes epidemic. Curr.
Diab. Rep. 15:64. doi: 10.1007/s11892-015-0631-4

Poret, J. M., Souza-Smith, F., Marcell, S. J., Gaudet, D. A., Tzeng, T. H., Braymer, L.
M., et al. (2018). High fat diet consumption differentially affects adipose tissue
inflammation and adipocyte size in obesity-prone and obesity-resistant rats.
Int. ]. Obes. 42, 535-541. doi: 10.1038/1j0.2017.280

Ray, J. G., O’Brien, T. E., and Chan, W. S. (2001). Preconception care and the risk
of congenital anomalies in the offspring of women with diabetes mellitus: a
meta-analysis. Q/M 94, 435-444. doi: 10.1093/qjmed/94.8.435

Raza, H., Prabu, S. K., John, A., and Avadhani, N. G. (2011). Impaired
mitochondrial respiratory functions and oxidative stress in streptozotocin-
induced diabetic rats. Int. J. Mol. Sci. 12, 3133-3147. doi: 10.3390/ijms12053133

Roche, M., Rondeau, P., and Singh, N. R. (2008). The antioxidant properties of
serum albumin. FEBS Lett. 582, 1783-1787. doi: 10.1016/j.febslet.2008.04.057

S4, J. M., Barbosa, R. M., Menani, J. V., De Luca Jr, L. A, Colombari,
E., and Colombari, D. S. A. (2019). Cardiovascular and hidroelectrolytic
changes in rats fed with high-fat diet. Behav. Brain Res. 373:112075.
doi: 10.1016/j.bbr.2019.112075

Salewski, E. (1964). Firbemethodezummakroskopischennachweis  von
implantationsstellen am uterus der ratte. Naunyn-Schmiedebergs Arch.
247:367. doi: 10.1007/BF02308461

Santos, T. M., Sinzato, Y. K., Gallego, F. Q., Iessi, I. L., Volpato, G. T., Dallaqua,
B., et al. (2015). Extracellular HSP70 levels in diabetic environment
in rats. Cell Stress Chaperones 20, 595-603. doi: 10.1007/s12192-01
5-0581-4

Senaphan, K., Kukongyviriyapan, U., Sangartit, W., Pakdeechote, P., Pannangpetch,
P., Prachaney, P., et al. (2015). Ferulic acid alleviates changes in a rat model of
metabolic syndrome induced by high-carbohydrate, high-fat diet. Nutrients 7,
6446-6464. doi: 10.3390/nu7085283

Setia, S., and Sridhar, M. G. (2009). Changes in GH/IGF-1 axis in intrauterine
growth retardation: consequences of fetal programming? Horm. Metab. Res. 41,
791-798. doi: 10.1055/s-0029-1231026

Sinzato, Y. K., Bevilacqua, E. M., Volpato, G. T., Hernandez-Pondo, R.
E., Rudge, M. V. C,, and Damasceno, D. C. (2019). Maternal oxidative
stress, placental morphometry, and fetal growth in diabetic rats exposed
to cigarette smoke. Reprod. Sci. 26, 1287-1293. doi: 10.1177/19337191188
15589

Sinzato, Y. K., Damasceno, D. C., Laufer-Amorim, R., Rodrigues, M. M.
P., Oshiiwa, M., Taylor, K. N., et al. (2011). Plasma concentrations and
placental immunostaining of interleukin-10 and tumor necrosis factor-
a as predictors of alterations in the embryo-fetal organism and the
placental development of diabetic rats. Braz. . Med. Biol. Res. 44, 206-211.
doi: 10.1590/s0100-879x2011007500015

Sinzato, Y. K., Kl6ppel, E., Miranda, C. A., Paula, V. G., Alves, L. F., Nascimento,
L. L., et al. (2021). Comparison of streptozotocin-induced diabetes at different
moments of the life of female rats for translational studies. Lab. Anim.
doi: 10.1177/00236772211001895. [Epub ahead of print].

P. W, and Krauss, R. M. (2016). Diet, lipids, and
cardiovascular ~ disease. ~ Curr.  Opin.  Lipidol. 27,  323-328.
doi: 10.1097/MOL.0000000000000310

Soares, T. S., Andreolla, A. P., Miranda, C. A., Kloppel, E., Rodrigues, L. S.,
Moraes-Souza, R. Q., et al. (2017). Effect of the induction of transgenerational
obesity on maternal-fetal parameters. Syst. Biol. Reprod. Med. 64, 51-59.
doi: 10.1080/19396368.2017.1410866

Soares, T. S., Moraes-Souza, R. Q., Carneiro, T. B., Araujo-Silva, V. C., Schavinski,
A.Z., Gratdo, T. B, et al. (2021). Maternal-fetal outcomes of exercise applied in
rats with mild hyperglycemia after embryonic implantation. Birth Defects Res.
113, 287-298. doi: 10.1002/bdr2.1818

Staples, R. E., and Schnell, V. L. (1964). Refinements in rapid clearing technique in
the KOH-alizarin red S method for fetal bone. Stain Technol. 39, 61-63.

Szanto, A., Balint, B. L., Nagy, Z. S., Barta, E.,Dezso, B., Pap, A,, etal. (2010). STAT6
transcription factor is a facilitator of the nuclear receptor PPARy-regulated
gene expression in macrophages and dendritic cells. Immunity 33, 699-712.
doi: 10.1016/j.immuni.2010.11.009

Tai, M. M. (1994). A mathematical model for the determination of total area
under glucose tolerance and other metabolic curves. Diabetes Care 17, 152-154.
doi: 10.2337/diacare.17.2.152

Tain, Y. L., Lin, Y. J., Sheen, J. M., Yu, H. R., Tiao, M. M., Chen, C. C,, et al. (2017).
High fat diets sex-specifically affect the renal transcriptome and program
obesity, kidney injury, and hypertension in the offspring. Nutrients 9:357.
doi: 10.3390/nu9040357

Tellechea, M. L., Mensegue, M. F., and Pirola, C. J. (2017). The association
between high fat diet around gestation and metabolic syndrome-related
phenotypes in rats: a systematic review and meta-analysis. Sci. Rep. 7:5086.
doi: 10.1038/s41598-017-05344-7

Trellakis, S., Rydleuskaya, A., Fischer, C., Canbay, A., Tagay, S., Scherag, A., et al.
(2012). Low adiponectin, high levels of apoptosis and increased peripheral
blood neutrophil activity in healthy obese subjects. Obes. Facts 5, 305-318.
doi: 10.1159/000339452

Tsuji, K.,Taminato, T., Usami, M., Ishida, H. Kitano, N., Fukumoto,
H., et al. (1988). Characteristic features of insulin secretion in the
streptozotocin-induced NIDDM rat model. Metabolism 37, 1040-1044.
doi: 10.1016/0026-0495(88)90064-9

Volpato, G. T., Francia-Farje, L. A., Damasceno, D. C., Oliveira, R. V.,Hiruma-
Lima, C. A., and Kempinas, W. G. (2015). Effect of essential oil from Citrus
aurantium in maternal reproductive outcome and fetal anomaly frequency in
rats. Natl. Acad. Bras. Cienc. 87,407-415. doi: 10.1590/0001-3765201520140354

Wan, H,, Cai, Y., Wang, Y., Fang, S., Chen, C,, Chen, Y., et al. (2020). The
unique association between the level of peripheral blood monocytes and the
prevalence of diabetic retinopathy: a cross-sectional study. J. Transl. Med.
18:248. doi: 10.1186/512967-020-02422-9

Wilson, J. G. (1965). “Methods for administering agents and detecting
malformations in experimental animal in Teratology: Principles and
Techniques, eds J. G. Wilson and J. Warkany (Chicago, IL: University of
Chicago Press), 262-277.

Withers, S. B., Forman, R., Meza-Perez, S., Sorobetea, D., Sitnik, K., Hopwood, T.,
et al. (2017). Eosinophils are key regulators of perivascular adipose tissue and
vascular functionality. Sci. Rep. 7:44571. doi: 10.1038/srep44571

Woods, S. C., May-Zhang, A. A., and Begg, D. P. (2018). How and why do
gastrointestinal peptides influence food intake? Physiol. Behav. 193, 218-222.
doi: 10.1016/j.physbeh.2018.02.048

Yessoufou, A., and Moutairou, K. (2011). Maternal diabetes in pregnancy: early
and long-term outcomes on the offspring and the concept of “metabolic
memory”. Exp. Diabetes Res. 2011:218598. doi: 10.1155/2011/218598

Zhang, Y., and Chua, S. J. (2017). Leptin function and regulation. Comp. Physiol.
8,351-369. doi: 10.1002/cphy.c160041

Siri-Tarino,

Frontiers in Physiology | www.frontiersin.org

August 2021 | Volume 12 | Article 701767


https://doi.org/10.1038/nrn3745
https://doi.org/10.1113/JP273684
https://doi.org/10.4067/S0716-97602008000300002
https://doi.org/10.1186/s12906-020-02919-2
https://doi.org/10.1038/npp.2017.150
https://doi.org/10.1097/FJC.0b013e3181feb90a
https://doi.org/10.1016/j.freeradbiomed.2016.11.026
https://doi.org/10.1161/01.ATV.0000216787.85457.f3
https://doi.org/10.1007/s11892-015-0631-4
https://doi.org/10.1038/ijo.2017.280
https://doi.org/10.1093/qjmed/94.8.435
https://doi.org/10.3390/ijms12053133
https://doi.org/10.1016/j.febslet.2008.04.057
https://doi.org/10.1016/j.bbr.2019.112075
https://doi.org/10.1007/BF02308461
https://doi.org/10.1007/s12192-015-0581-4
https://doi.org/10.3390/nu7085283
https://doi.org/10.1055/s-0029-1231026
https://doi.org/10.1177/1933719118815589
https://doi.org/10.1590/s0100-879x2011007500015
https://doi.org/10.1177/00236772211001895
https://doi.org/10.1097/MOL.0000000000000310
https://doi.org/10.1080/19396368.2017.1410866
https://doi.org/10.1002/bdr2.1818
https://doi.org/10.1016/j.immuni.2010.11.009
https://doi.org/10.2337/diacare.17.2.152
https://doi.org/10.3390/nu9040357
https://doi.org/10.1038/s41598-017-05344-7
https://doi.org/10.1159/000339452
https://doi.org/10.1016/0026-0495(88)90064-9
https://doi.org/10.1590/0001-3765201520140354
https://doi.org/10.1186/s12967-020-02422-9
https://doi.org/10.1038/srep44571
https://doi.org/10.1016/j.physbeh.2018.02.048
https://doi.org/10.1155/2011/218598
https://doi.org/10.1002/cphy.c160041
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Araujo-Silva et al.

Maternal Diabetes and Obesity Effects

Zhao, D., Lv, Q.,, Yang, J., Wu, G., Liu, M., Yang, Q., et al. (2019). Taurine
improves lipid metabolism and skeletal muscle sensitivity to insulin in rats
fed with high sugar and high fat diet. Adv. Exp. Med. Biol. 1155, 133-146.
doi: 10.1007/978-981-13-8023-5_12

Zhou, X., Han, D., Xu, R,, Li, S., Wu, H., Qu, C,, et al. (2014). A model of metabolic
syndrome and related diseases with intestinal endotoxemia in rats fed a high fat
and high sucrose diet. PLoS ONE 9:e115148. doi: 10.1371/journal.pone.0115148

Zou, T., Chen, D., Yang, Q., Wang, B., Zhu, M. J., Nathanielsz, P. W, et al. (2017).
Resveratrol supplementation of high-fat diet-fed pregnant mice promotes
brown and beige adipocyte development and prevents obesity in male offspring.
J. Physiol. 595, 1547-1562. doi: 10.1113/JP273478

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Araujo-Silva, Santos-Silva, Lourengo, Barros-Barbosa, Moraes-
Souza, Soares, Karki, Paula, Sinzato, Damasceno and Volpato. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org

13

August 2021 | Volume 12 | Article 701767


https://doi.org/10.1007/978-981-13-8023-5_12
https://doi.org/10.1371/journal.pone.0115148
https://doi.org/10.1113/JP273478
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

	Congenital Anomalies Programmed by Maternal Diabetes and Obesity on Offspring of Rats
	Introduction
	Materials and Methods
	Animals
	Induction and Confirmation of Diabetes
	Experimental Groups
	Standard or High-Fat/High-Sugar Diet
	Mating
	Course of Pregnancy—Diabetes and Obesity Features
	Biochemical and Hematological Profile Analysis
	Reproductive Outcomes and Fetal Development
	Statistical Analysis

	Results
	Obesity Features
	Diabetes Biomarker
	Maternal Biochemical Parameters
	Hematological Profile
	Pre- and Postimplantation Embryonic Losses
	Fetal and Placental Data
	Fetal Anomalies

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


